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Two amphiboles and a syn-metamorphic quartz vein from the Yuka terrane, North Qaidam, western
China, have been analyzed by joint 40Ar/39Ar crushing in vacuo and stepwise heating techniques. The
crushing in vacuo results provide information to directly constrain the timing of ﬂuid activity and the age
of amphibolite-facies retrogression. The stepwise heating results could further be used to decipher the
thermal history of the UHP rocks. Amphiboles from amphibolites and quartz vein within garnet-
amphibolite lens analyzed by in vacuo crushing yield similarly shaped age spectra and exhibit rela-
tively ﬂat age plateaus for the last several steps. The characteristics of gas release patterns and
geochronological data testify to the presence of signiﬁcant excess 40Ar within the ﬂuid inclusions. The
age plateaux with weighted mean ages (WMA) ranges from 488 to 476 Ma for amphiboles and 403 Ma
for quartz (2s). These data points constitute amphibole WMA yielding excellent isochrons with isochron
ages of 469 and 463 Ma with initial 40Ar/36Ar ratios of 520 and 334, respectively. The isochron ages are
interpreted to represent initial amphibolite-facies retrogression. The data points constituting the quartz
age plateaux give an isochron age of 405 Ma with initial 40Ar/36Ar ratio of 295, recording a signiﬁcant
aqueous ﬂuid ﬂow episode during the early Devonian. Age spectra obtained by stepwise heating of
amphibole residues remaining after crushing experiments are characterized by younger and relatively
complex age spectra, which are probably inﬂuenced by the combined effects of resetting argon and/or
mineral inclusions. Nevertheless, we note that the spectra shapes have features in common: excluding
the last two steps, minimum apparent ages are found at temperatures of around 500 C, corresponding to
319 and 249 Ma, perhaps representing the time of isotopic resetting or resulting from release gas from
mineral inclusions of, e.g., biotite or feldspar. Maximum apparent ages are obtained at temperatures of
around 800 C, corresponding to 418 and 413 Ma, which probably reﬂect mixed ages of radiogenic
resetting and original amphibole. These results indicate that the Yuka eclogites and their retrogressed
equivalents were overprinted by multiple thermal events in the Silurian and possibly as young as the
Triassic.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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c-nd/3.0/).1. Introduction
Although it is generally accepted that continental subduction is
characterized by a scarcity of ﬂuidwhen comparedwith subduction
of oceanic crust, a considerable amount of aqueous ﬂuid can still be
released. A signiﬁcant and abrupt decrease in either temperature or
pressure along the retrograde part of the P-T loop may triggerction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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decrepitation of primary ﬂuid inclusions. As a result, amphibolite
and greenschist facies retrogression of eclogites and granulites,
formation of quartz veins and even syn-exhumation magmatism
are likely to be caused by aqueous ﬂuid ﬂow during exhumation of
deeply-subducted continental crust (Baker et al., 1997; Franz et al.,
2001; Fu et al., 2003; Zheng, 2004). Several groups have studied the
ﬂuid inclusions and petrological phase relations of HP/UHP meta-
morphic rocks to constrain the origin, the volume and the
elemental and hydrogen and oxygen isotopic composition, of these
metamorphic ﬂuids (e.g., Li et al., 2001; Touret, 2001; Xiao et al.,
2002; Fu et al., 2003; Zheng et al., 2003). These studies have
greatly improved our understanding of the nature and effect of
ﬂuid activity during exhumation of deeply-subducted continental
crust.
In comparison with research on the chemistry and isotopic
composition of metamorphic ﬂuids, it is more difﬁcult to constrain
the timing of ﬂuid inﬁltration during retrogression of UHP meta-
morphic rocks. Rather than attempting to indirectly date the quartz
sample by using, e.g., the RbeSr isotopic decay system (e.g., Wang
et al., 2000, 2003) or to directly date metamorphic minerals such
as garnet and amphibole by extracting gas from ﬂuid inclusions for
40Ar/39Ar dating (e.g., Qiu and Wijbrans, 2006, 2008; Qiu et al.,
2010), perhaps the greatest insights into the age of ﬂuid activity
in UHP rocks have been attained from studies of accessory minerals
like zircon and rutile associated with quartz veins in eclogite-facies
rocks (e.g., Gao et al., 2006; Zheng et al., 2007;Wu et al., 2009; Zong
et al., 2010; Wang et al., 2011; Chen et al., 2012).
The 40Ar/39Ar in vacuo crushing method has been utilized in
several studies of ﬂuid inclusions-rich light-colored rocks and
minerals such as chert (Alexander, 1975; Wang et al., 1988), vein
quartz (Kelley et al., 1986; Turner, 1988; Qiu, 1996; Kendrick et al.,
2001, 2006) and feldspar (Burgess et al., 1992; Turner and Wang,
1992; Harrison et al., 1993; Burgess and Parsons, 1994), with the
aim of investigating either the paleo-atmospheric 40Ar/36Ar ratio or
the source and halogen chemistry of ﬂuid inclusions. In addition to
that, sulphide minerals (e.g., pyrite and sphalerite) (Phillips and
Miller, 2006; Qiu and Jiang, 2007; Jiang et al., 2012), volatile-rich
metamorphic minerals from hydrothermal deposits (e.g., scapo-
lite) (Kendrick and Phillips, 2009b), and low-potassium minerals
from HP/UHP metamorphic rocks (e.g., garnet) (Qiu and Wijbrans,
2006, 2008) have been analyzed with some success using this
dating method. In a critique of this method, Kendrick and Phillips
(2009b) argued that a signiﬁcant amount of lattice-hosted noble
gas from scapolite can be released during prolonged crushing, but a
number of studies have indicated that crushing has very little effect
on the gas component that is trapped within the crystal lattice
(Dunlap and Kronenberg, 2001; Qiu et al., 2002; Qiu and Jiang,
2007; Qiu and Wijbrans, 2008; Qiu et al., 2010; Jiang et al., 2012;
Bai et al., 2013). This suggests that a combination of 40Ar/39Ar
dating during progressive crushing and stepwise heating of the
crushed powder could provide an opportunity to distinguish the
gas components trapped inside ﬂuid inclusions and on the grain
boundaries of solid inclusions from the component of the gas
within the crystal lattice (Villa, 2001).
Here, we report a 40Ar/39Ar study of three samples from the
Yuka terrane, north Qaidam, western China. By applying the in
vacuo crushing and stepwise heating 40Ar/39Ar techniques, we have
been able to extract trapped argon from ﬂuid inclusions and, grain
boundaries of solid inclusions, as well as from the crystal lattice of
the metamorphic amphiboles and quartz. We use Ar isotope sys-
tematic studies to: (1) constrain the timing of ﬂuid ﬂow and
amphibolite-facies retrogression of Yuka eclogite; (2) reveal the
thermal history of these UHP rocks; and (3) identify extraneous
40Ar when they are present.2. Geological setting
The north Qaidam orogenic belt, western China, was created by
early Paleozoic deep subduction of the South Qilian Sea and the
Qaidam continental crust beneath the Qilian block (Xu et al., 2006;
Xiao et al., 2009). It is bounded by the Qilian block in the north and
the Qaidam block in the south, and extends NWW-striking for
400 km long from the Altyn-Tagh Fault in the northwest to the
Wulan Fault in the southeast (Fig. 1a and b). Based on ﬁeld re-
lationships, petrology and rock association, the belt can be divided
into four HP/UHP metamorphic units. From east to west they are:
the Dulan eclogite-gneiss unit, the Xitieshan eclogite-gneiss unit,
the Luliangshan garnet peridotite unit, and the Yuka eclogite-gneiss
unit, which are separated by Paleozoic to Cenozoic sediments.
Meanwhile, the occurrence of diamond-bearing garnet peridotite
(Yang et al., 1994; Song et al., 2005b), coesite-bearing eclogite and
pelitic gneiss (Yang et al., 2001; Song et al., 2003b; Zhang et al.,
2009a) imply that the HP/UHP rocks were formed at depths
aroundw100 km, or even deeper than 200 km.
During the past ten years, considerable and signiﬁcant studies
addressing petrology, major and trace element geochemistry,
geochronology and geotectonics have been carried out on the belt.
These works have shed light on the protolith nature of the deeply
subducted crust involved (Yang et al., 2006; Song et al., 2007b,
2010), the timing, timescale and spatial distribution of the UHP
metamorphism (Song et al., 2003a; Mattinson et al., 2006, 2009;
Chen et al., 2007a, b; Zhang et al., 2008; Zhang et al., 2011a, b),
the possible depth of continental subduction (Song et al., 2005a,
2009a; Zhang et al., 2009a), the mechanisms of subduction
and exhumation (Yang et al., 2002, 2009; Xu et al., 2006; Song
et al., 2009b; Xu et al., 2010), and the pressure-temperature-time
(P-T-t) histories constraining the tectono-metamorphic processes
of different units in this region (Chen et al., 2005; Zhang et al.,
2005, 2007; Song et al., 2007a; Menold et al., 2009; Zhang et al.,
2009b).
The present study area in the Yuka eclogite-gneiss unit is located
in the westernmost segment of the north Qaidam HP/UHP meta-
morphic belt, 40 km north of Da Qaidam town (Fig. 1b). It mainly
consists of a variety of gneisses, with several eclogite and
amphibolite lenses or blocks up to a fewmeters across cropping out
along the north bank of the Yuka River (Fig. 1c). Two main types of
eclogite have been recognized within the granitic and pelitic
gneisses in this area, coarse-grained phengite eclogite and ﬁne-
grained massive eclogite (Chen et al., 2005). The country rock
mainly consists of two types of gneisses. Muscovite-bearing gneiss
consists of feldspar, quartz and muscovite with minor garnet, cli-
nozoisite and zircon, whilst amphibole-bearing gneiss is composed
of garnet, phengite, amphibole, plagioclase, and minor rutile and
quartz (Zhang et al., 2005; Chen et al., 2009).
Most previous geochronological data obtained by various
methods have concentrated on constraining the peak eclogite-
facies metamorphism and cooling ages of the UHP rocks. Eclogite
zircon dated using the TIMS UePb method gave what was inter-
preted to be an eclogite-facies metamorphic age of 488  6 Ma
(Zhang et al., 2005). In contrast, zircon in situ LA-ICP-MS UePb
dating of the eclogite yields a mean weighted 206Pb/238U age of
436  3 Ma for eclogite-facies metamorphism (Chen et al., 2009).
40Ar/39Ar measurements on amphibole and phengite concentrates
from the eclogite gave isochron ages of 477  8 and 466  5 for
cooling ages, respectively, and their isotope correlation diagrams
indicated no extraneous 40Ar within these minerals (Zhang et al.,
2005). However, by using the 40Ar/39Ar incremental heating
method, Menold (2006) noticed that eclogite phengites yielded
anomalously old ages ranging from 611 to 750 Ma, implying the
presence of extraneous 40Ar, i.e. inherited or excess 40Ar.
Figure 1. (a) Geological sketch map showing the locality of north Qaidam orogen in China. (b) Distribution of UHP metamorphic terranes in the north Qaidam orogenic belt.
YKUeYuka eclogite-gneiss unit; LLUeLuliangshan garnet peridotite-granulite unit; XTUeXitieshan eclogite-gneiss unit; DLUeDulan eclogite-gneiss unit. (c) Sketch map of Yuka
terrane and sample localities (Modiﬁed after Zhang et al., 2005).
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mometric data indicate that the eclogite-gneiss rocks were meta-
morphosed at pressures of 2.3e3.4 GPa and temperatures of
600e720 C (Zhang et al., 2003; Chen et al., 2005). Three distinct
metamorphic stages have been recognized for the eclogites in the
Yuka unit: (1) a pre-eclogitic metamorphic stage, recorded by a
garnet þ amphibole þ zoisite þ plagioclase þ quartz inclusion
assemblage preserved in the cores of garnet porphyroblasts,
yielding metamorphic temperatures of w450e577 C at
0.6e1.2 GPa; (2) a coesite-bearing eclogite facies stage, recorded by
the assemblage garnet þ omphacite þ phengite þ quartz/
coesite þ rutile preserved as inclusions in the rims of garnet por-
phyroblasts, yielding metamorphic temperatures of w566e720 C
and pressure estimates of 2.35e3.4 GPa; and (3) a post-eclogite
retrograde stage recorded by garnet reaction rims, the disappear-
ance of omphacite, and the pervasive retrograde mineral assem-
blage of garnet þ amphibole þ plagioclase þ quartz, which yields
metamorphic temperatures of 550e630 C and 0.6e1.1 GPa (Chen
et al., 2005; Zhang et al., 2005, 2009a).
3. Petrology of samples used for dating
The samples used in this study for 40Ar/39Ar dating are two
garnet-amphibolites (09NQ13Amp and 09NQ29Amp) and one
quartz vein within garnet amphibolite (09NQ16Qz) collected from
outcrops on the northern bank of the Yuka River, Yuka terrane
(Fig. 1c). The mineral abbreviations in this paper follow the
convention of Whitney and Evans (2010).
Sample 09NQ13Amp was taken from a 1 m  0.6 m lens-shaped
amphibolite block hosted by muscovite schist (Fig. 2a). It is char-
acterized by medium to coarse-grained massive structure, and
consists of amphibole (w60%), clinozoisite (w10%), epidote
(w10%), plagioclase (w5%), quartz (w5%), garnet (w5%), sym-
plectites (Amp þ Plw5%) with minor titanite (Fig. 3a). Amphibole
crystals are lepidoblastic with variable grain size from 1 to 5 mm
with biotite, plagioclase and quartz as mineral inclusions.Amphiboles are classiﬁed as edenite andmagnesio-hornblende (c.f.
Leake et al., 1997) with K/Ca ratios ranging from 0.08 to 0.11 and a
mean value of 0.1 (see Table 1).
Sample 09NQ29Amp is obtained from a garnet amphibolite lens
and displays a gradual transition from eclogite-facies to
amphibolite-facies mineralogy, with fresh eclogite preserved in the
core (Fig. 2c). It is composed of amphibole (w60%), symplectites
(Amp þ Pl,w10%), garnet (w10%), epidote (w10%) and plagioclase
(w10%), with minor chlorite, titanite and biotite (Fig. 3b). Garnet
crystals display as subhedral granular texture with grain sizes from
0.5 to 1 mm. Amphibole, which is characterized by intense alter-
ation along the rim, shows lepidoblastic texture with grain sizes
from 1 to 3 mm and normally contains mineral inclusions such as
garnet, chlorite, biotite and plagioclase. Amphiboles are classiﬁed
as winchite, barroisite, magnesio-hornblende and tschermakite (c.f.
Leake et al., 1997) with K/Ca ratios ranging from 0.01 to 0.04 with a
mean value of 0.03 (see Table 1).
Vein sample 09NQ16Qz occurs as a thin-sheet shaped quartz
lens of 6 cm  8 cm in size, coexisting with phengite and amphi-
boles on the surface of a retrograde eclogite block (Fig. 2b, d).
Preliminary petrographic observations have been carried out on
polished quartz and amphibole thin sections (Fig. 3c and d). Most of
the ﬂuid inclusions in the amphiboles are primary and small in size
(ca. 0.5e3 mm), and are randomly distribution and characterized by
irregular, tubular and elongated shapes (Fig. 3c). Secondary ﬂuid
inclusions in amphibole were identiﬁed in healed fractures cross-
cutting grain boundaries and growth zones, and generally bigger
than primary types. Fluid inclusions in quartz samples are very
abundant which are 5e20 mm in size and displaying negative
crystal morphologies and observed as isolated or random distri-
bution (Fig. 3d).
4. Experimental techniques
Samples were crushed and sieved to obtain a size fraction of
250e500 mm. After magnetic separation, heavy liquid techniques
Figure 2. Field views showing occurrence and relationship of garnet amphibolite, quartz vein and associated country rocks in Yuka terrane, western China. (a) Garnet amphibolite
lens (09NQ13Amp) in muscovite schist. (b and d) Garnet amphibolite block contains thin-sheet shaped phengite-bearing vein quartz (09NQ16Qz). (c) Fresh eclogite preserved in the
core of garnet amphibolite (09NQ29Amp). The length of the hammer used in (a) is 41 cm; the pen in (b) and (c) is 14 cm; the diameter of the coin used in (d) is 2 cm.
R. Hu et al. / Geoscience Frontiers 6 (2015) 759e770762were applied to separate amphibole (3.1e3.3 g/cm3) and quartz
(2.62e2.65 g/cm3). Finally, all the samples were hand-picked under
the binocular microscope. Samples were wrapped in aluminum foil
and loaded into quartz tubes together with standards and irradiatedFigure 3. Photomicrographs in plane-polarized light (PPL) showing the textural relationship
the Yuka terrane. (a) Euhedral to subhedral amphiboles contain clinozoisite, biotite and
amphibole (09NQ29); (c) Primary ﬂuid inclusions are randomly distributed with irregularl
hypersaline primary ﬂuid inclusions in quartz vein (09NQ16). These inclusions occur as isoat the TRIGA reactor at the Oregon State University Reactor Centre.
Irradiation timeswere20h for irradiationVU83.Correction factors for
interferences of Ca and K isotopes are: (39Ar/37Ar)Ca ¼ 0.000673,
(36Ar/37Ar)Ca ¼ 0.000264, (40Ar/39Ar)K ¼ 0.00086 ands of amphibolites (a, b) and primary ﬂuid inclusions in amphibole and quartz (c, d) from
plagioclase as inclusions (09NQ13); (b) Garnet relics as inclusions in coarse-grained
y, elongated and tubular in shapes in amphibole (09NQ13); (d) Biphase liquid/vapour
lated round inclusions and with extremely small size CO2 bubble.
Table 1
Representative microprobe analyses of amphibole (23 O following Holland and Blundy, 1994).
Sample 09NQ13 09NQ29
Spot-position 35 42 46 47 36 38 41 43 6 26 20 24 21 23 17 14
Mineral Ed Ed Ed Ed Mg-hbl Mg-hbl Mg-hbl Mg-hbl Wnc Wnc Brs Brs Mg-hbl Mg-hbl Ts Ts
SiO2 44.02 43.84 43.89 43.78 45.02 43.95 46.20 45.52 53.63 53.89 51.86 53.13 47.39 47.86 42.57 42.33
TiO2 0.44 0.47 0.47 0.46 0.50 0.51 0.42 0.40 0.10 0.10 0.13 0.08 0.25 0.17 0.42 0.25
Al2O3 13.72 14.29 14.15 12.77 13.68 14.21 11.53 12.09 7.57 8.18 10.05 8.06 10.25 10.50 18.36 16.73
FeO 14.42 14.38 15.18 15.02 13.41 14.52 14.17 13.95 4.61 4.54 4.81 5.03 12.93 12.10 9.78 13.77
MnO 0.09 0.12 0.18 0.10 0.12 0.15 0.19 0.15 0.04 0.05 0.05 0.06 0.31 0.25 0.25 0.28
MgO 10.19 9.97 9.25 9.87 10.48 9.63 10.92 10.58 18.02 17.97 16.94 17.95 12.29 12.67 12.10 9.84
CaO 10.28 10.17 10.32 10.79 9.84 10.32 10.26 10.69 9.03 8.59 8.86 8.69 11.48 11.88 10.22 10.71
Na2O 2.43 2.44 2.37 2.17 2.56 2.12 1.71 1.98 2.49 2.71 2.99 2.47 1.40 1.32 2.88 2.11
K2O 1.04 1.14 1.11 1.17 0.95 1.12 0.95 0.90 0.24 0.28 0.18 0.33 0.25 0.17 0.20 0.37
Total 96.62 96.81 96.91 96.12 96.55 96.51 96.36 96.24 95.73 96.32 95.85 95.81 96.55 96.92 96.78 96.39
Si 6.56 6.52 6.55 6.60 6.66 6.55 6.86 6.78 7.53 7.51 7.30 7.47 6.97 6.97 6.18 6.29
AlIV 1.39 1.43 1.40 1.35 1.29 1.39 1.10 1.18 0.46 0.48 0.69 0.52 1.01 1.01 1.78 1.68
AlVI 1.02 1.08 1.09 0.92 1.10 1.11 0.92 0.94 0.79 0.87 0.98 0.82 0.77 0.79 1.36 1.25
Ti 0.05 0.05 0.05 0.05 0.06 0.06 0.05 0.04 0.01 0.01 0.01 0.01 0.03 0.02 0.05 0.03
Mn 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.00 0.01 0.01 0.01 0.04 0.03 0.03 0.04
Mg 2.26 2.21 2.06 2.22 2.31 2.14 2.42 2.35 3.77 3.73 3.55 3.76 2.69 2.75 2.62 2.18
Ca 1.64 1.62 1.65 1.74 1.56 1.65 1.63 1.70 1.36 1.28 1.34 1.31 1.81 1.85 1.59 1.71
Na 0.70 0.70 0.69 0.63 0.73 0.61 0.49 0.57 0.68 0.73 0.81 0.67 0.40 0.37 0.81 0.61
K 0.20 0.22 0.21 0.22 0.18 0.21 0.18 0.17 0.04 0.05 0.03 0.06 0.05 0.03 0.04 0.07
Fe3þ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2þ 1.80 1.79 1.89 1.89 1.66 1.81 1.76 1.74 0.54 0.53 0.57 0.59 1.59 1.47 1.19 1.71
Cations 15.63 15.63 15.61 15.64 15.55 15.55 15.42 15.49 15.19 15.20 15.28 15.22 15.34 15.31 15.63 15.56
K/Ca 0.10 0.11 0.11 0.11 0.10 0.11 0.09 0.08 0.03 0.03 0.02 0.04 0.02 0.01 0.02 0.03
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of 25.26 0.2Ma asﬂuxmonitor standards for j-value calculation for
this project (Wijbrans et al., 1995).
Crushing in vacuo and stepwise heating of the powder residues
experiments were carried out in an in-house designed crushing
apparatus that was connected to a three stage extraction line and a
quadrupole mass spectrometer (Schneider et al., 2009) in the argon
isotope laboratory in VU University Amsterdam. Details of the
experimental procedure can be found in Qiu and Wijbrans (2006).
Sampleswere loaded into a 40 cm long, 4 cm diameter Inconel tube
and crushed by an iron pestle that is lifted and dropped with a fre-
quency of one time per second (1 Hz) using external electromagnet-
control. The extracted gases were exposed to a cold trap ﬁlled with
liquid nitrogen (kept at ca. e 90 C), and then puriﬁed at 250 C by a
Fe/V/Zr getter pump and 450 C by a Zr/Al getter pump. The puriﬁ-
cation process lasted for around 16 min before the gas was analyzed
for the argon isotopes in the mass spectrometer. Experiments began
and endedwith cold blank analyses to correct for system blankswith
the procedure described above but without moving the pestle. To
analyze residues in stepwise heating experiments, the crusher tube
was rotated 90 and horizontally put into an externally temperature-
controlled oven. The pestle was moved to the end of the tube to
avoid degaussing it during stepwise heating. System blanks were
measured in the initial steps at room temperature.
5. Results
The 40Ar/39Ar dating results are calculated using the ArArCALC
software package which was written by Dr. A.A.P Koppers (2002).
The 40Ar/39Ar analytical results are listed in Table 2 and Appendix A.
Age spectra and isochrons for each of the samples are plotted in
Figs. 4e6. All errors are reported at the 2s conﬁdence level in the
text and ﬁgures.
5.1. Amphibole
The 40Ar/39Ar dating results of amphiboles 09NQ13Amp and
09NQ29Amp by crushing in vacuo yield similar monotonicallydecreasing staircase shaped age spectra characterized by anoma-
lously high apparent ages in the initial steps (Fig. 4a and c). The
possible role of 39Ar loss by recoil during sample irradiation with
fast neutrons can result in extremely old apparent age has been
recognized since the development of the 40Ar/39Ar dating method.
The mean recoil distance of 39Ar produced from 39K by neutron
irradiation was calculated of w0.1 mm with energies of w300 KeV
(Onstott et al., 1995; Villa, 1997), while most of the ﬂuid inclusions
in the analyzed amphiboles in size of 0.5e3 mm. Therefore, it seems
that the extremely high ages at the ﬁrst steps of in vacuo crushing
(w5 Ga) cannot be caused by 39ArK loss by recoil. More likely, the
extremely apparent ages can be interpreted as the contamination of
excess 40Ar which derived from the bigger, easily crushed, sec-
ondary ﬂuid inclusions (Qiu and Wijbrans, 2006, 2008; Jiang et al.,
2012).
Subsequently, upon continued crushing, the apparent ages
gradually stabilize to reveal age plateaus. After applying their initial
40Ar/36Ar ratios from the atmospheric air as 295.5 to exclude the
non-radiogenic 40Ar, the two amphibole samples produce age
plateaus in the ﬁnal steps with concordant early Paleozoic
weighted mean ages of 487.9  6.5 Ma (39Ar¼ 48%，MSWD¼ 190)
and 475.7  3.6 Ma, respectively (39Ar ¼ 47%，MSWD ¼ 14.8,
Fig. 4a and c). The K/Ca release spectra for these two samples are
relatively ﬂat with mean values of 0.140  0.003 and 0.073  0.001,
respectively (Fig. 4a and c). The data points of the steps deﬁning the
above ages yield isochrons with younger ages of 469  2.1 Ma and
462.6  3.6 Ma, corresponding to initial 40Ar/36Ar ratios of
519.9  20.1 and 333.8  9.5 (Fig. 4b, d). These results indicate that
there is a signiﬁcant amount of excess 40Ar presence within the
small primary ﬂuid inclusions that survive in the powderedmineral
separates after crushing. By applying this initial 40Ar/36Ar ratios to
exclude the non-atmospheric/non-radiogenic 40Ar component, the
recalculated ages reveal ﬂat age spectra with plateau ages of
470.0  1.9 Ma (09NQ13Amp) and 462.5  2.6 Ma (09NQ29Amp)
for approximately 48% of the total 39Ar released.
All crushed residual powders were subsequently investigated by
means of stepwise heating. In comparison to the in vacuo crushing
experiments, the 40Ar/39Ar dating results by stepwise heating yield
Table 2
Complete 40Ar/39Ar crushed powder stepped heating data.
Step T (C) 36Arair 37ArCa 38ArCl 39ArK 40Ar* Age  2s (Ma) 40Ar* (%) 39ArK (%) K/Ca (2s)
(a) Amphibole 09NQ13Amp, by stepped heating, J ¼ 0.005037
1 300 1032.2 29433.9 15.8 12668.6 593595.2 382.3  2.0 28.33 2.66 0.185  0.019
2 350 2015.9 14147.5 42.9 5727.6 235519.8 339.6  7.8 66.06 5.88 0.174  0.019
3 400 1699.2 17630.2 70.6 5980.0 242015.2 334.7  6.0 32.52 2.78 0.146  0.016
4 450 1579.1 21254.1 51.8 6754.3 259115.1 318.7  4.8 35.70 3.14 0.137  0.017
5 550 1521.0 31424.0 71.3 9247.7 407232.5 361.4  6.8 47.54 4.29 0.127  0.013
6 600 2065.1 35735.6 80.8 9835.0 451296.9 375.1  4.1 42.51 4.57 0.118  0.013
7 650 3074.3 52962.9 126.9 12147.8 607088.9 405.1  4.3 40.66 6.15 0.099  0.010
8 750 3846.4 100014.9 247.5 19092.3 986969.4 417.5  3.4 44.58 9.39 0.082  0.008
9 850 5769.6 373530.1 452.3 58739.1 2577524.3 360.3  2.2 62.50 27.85 0.068  0.007
10 900 9774.9 423760.1 596.8 71283.0 2156061.1 255.8  2.6 42.45 33.31 0.072  0.007
(b) Amphibole 09NQ29Amp, by stepped heating, J ¼ 0.005031
1 300 674.7 30623.5 6.4 8887.9 369100.3 340.6  2.2 64.93 8.35 0.125  0.013
2 400 1581.6 17060.5 26.5 4275.9 141523.9 276.4  8.0 23.24 4.02 0.108  0.012
3 450 1515.2 22699.5 36.6 4481.1 143131.7 267.5  7.0 24.22 4.21 0.085  0.010
4 500 1508.8 24914.2 69.0 5070.9 149727.0 248.6  5.6 25.14 4.77 0.088  0.011
5 550 2467.5 29992.9 102.8 5495.2 163851.1 250.8  7.8 18.35 5.16 0.079  0.008
6 600 2731.5 33184.9 79.3 5862.2 181332.0 259.6  8.5 18.34 5.51 0.076  0.008
7 650 2801.7 66477.0 88.7 7292.3 297638.5 335.2  6.8 26.44 6.85 0.047  0.005
8 700 2767.6 81856.7 83.1 7038.9 283340.1 331.0  7.9 25.73 6.62 0.037  0.004
9 750 3233.9 133252.4 137.6 8721.9 427645.7 395.8  6.1 30.92 8.20 0.028  0.003
10 800 4010.9 335260.5 189.2 17076.4 877643.6 412.8  4.3 42.54 16.05 0.022  0.002
11 850 8663.3 297400.7 293.7 14142.9 448258.2 265.5  10.6 14.90 13.29 0.020  0.002
12 900 11315.3 412001.2 397.7 18056.8 426914.1 201.7  11.2 11.32 16.97 0.019  0.002
These 40Ar/39Ar experiments were measured using a quadrupole mass spectrometer in VU University Amsterdam. The argon isotopes are listed in cps.
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Saddle shaped age spectrawith minimum apparent ages of 319 and
249 Ma at temperatures of 450 C and 500 C, and maximum
apparent ages of 418 and 413 Ma at temperatures of 750 C and
800 C are obtained from samples 09NQ13Amp and 09NQ29Amp,
respectively (Fig. 4a and c). Argon released in the early steps has
higher K/Ca values than those in the later steps and with total gas
K/Ca values of 0.083  0.004 and 0.031  0.001, respectively. There
is too much scatter in the data of all amphibole samples to form
well-deﬁned isochrons (Fig. 4b and d).
5.2. Vein quartz
Vein sample 09NQ16Qz was subjected to 32 crushing steps of
14,964 impacts, and produced a descending staircase-shaped age
spectrum. Apparent ages decrease from as old as 8448 to 506 Ma
with steps 1 to 23, and then formed a relative ﬂat age spectrum
from stages 24e32 with a weighted mean age of 402.5  13.3 Ma
(39ArK ¼ 21.3%, MSWD ¼ 0.5) (Fig. 5a). The data points deﬁning the
age plateau yields a well-deﬁned isochron line with age of
405.4  41.6 Ma (MSWD ¼ 0.5), corresponding to an initial
40Ar/36Ar ratio of 295.2  4.1, which is indistinguishable from the
modern atmospheric ratio of 295.5 (Fig. 5b).
6. Discussion
6.1. The source of Ar isotopes in ﬂuid inclusions
To search for elemental correlations, we performed multiple
regressions on the amount of 40Ar*, Cl (38ArCl) and K (39ArK) with
the aim of identifying the different Ar sources in the ﬂuid inclusions
(e.g., Kelley et al., 1986; Kendrick et al., 2001; Qiu and Wijbrans,
2006). Here, 40Ar* denotes total 40Ar minus atmospheric 40Ar
(40ArA). In other words, 40Ar* includes both in situ derived radio-
genic 40Ar (40ArR) from the decay of 4 K and parentless excess 40Ar
(40ArE).
The plots of 40Ar*/39ArK vs. 38ArCl/39ArK based on the 40Ar/39Ar
data of the amphiboles and quartz by crushing are shown in Fig. 6,and reveal the following characteristics: (1) the crushing steps
(blue points with labels in Fig. 6) yield clear linear correlations with
40Ar*/39ArK intercepts of 41e33.3, corresponding to ages of
397e295 Ma (Fig. 6). The intercept ages (337e295 Ma) can prob-
ably be taken as the best estimate for the age of secondary ﬂuid
inclusions (SFIs), as discussed later; (2) in contrast, the late crushing
steps (pink points near the origin of Fig. 6) deﬁne the isochrons
without any correlation between 40Ar*/39ArK and 38ArCl/39ArK, but
with constant low 40Ar*/39ArK ratios, implying a unique reservoir
dominates the degassing. Two amphibole samples show average
40Ar*/39ArK ratios of 63e59 and with average ages of around 485
and 475 Ma, respectively (Fig. 6a and b). The quartz sample gives
lower 40Ar*/39ArK ratios of 46e41, corresponding to an average age
of 409 Ma (Fig. 6c). These ages are based on the data from the late
crushing steps and are interpreted as the contributions of the pri-
mary ﬂuid inclusions (PFIs); (3) in addition to that, we note that the
crushing steps (green points in Fig. 6) between the initial and ﬁnal
crushing steps have low 40Ar*/39ArK ratios, low 38ArCl/39ArK ratios,
and a scattered distribution. These ratios are interpreted to indicate
that the gases in these crushing steps were a mixture with variable
proportions of the PFIs and SFIs end members.6.2. Dating episodic ﬂow of metamorphic ﬂuid
Fluids in UHP rocks have been extensively studied and are
widely accepted to be derived from dehydration reactions of hy-
drous phases (Hermann et al., 2006). For the Sulu-Dabie orogenic
UHP metamorphic rocks, based on studies involving stable iso-
topes, ﬂuid inclusions and petrological phase relationships, Zheng
(2004) proposed that the ﬂuid activity during the exhumation of
deep-subducted continental crustal is characterized by pervasive
ﬂuid ﬂow resulting in amphibolite-facies retrogression, and chan-
nelized ﬂuid ﬂow leading to the formation of HP quartz veins
within eclogites. In many other UHP metamorphic belts, ﬂuid in-
clusion studies suggest that minerals in eclogites and their retro-
gressed equivalents normally contain a variety of types of ﬂuid
inclusions, and there is some correlation between metamorphic
grade and metamorphic ﬂuid composition (Andersen et al., 1989,
Figure 4. Plots of the age and K/Ca spectra (a, c) and inverse isochrons (b, d) of amphiboles based on the 40Ar/39Ar results by in vacuo crushing and crushed powders stepwise
heating. The distributions of the data points in the inverse isochrons have features in common. The results of crushing gradually move away from the excess 40Ar end-member to the
radiogenic 40Ar end-member, indicating that ArE and ArR contribute successively to different parts of the degassing. In contrast, the data points from stepwise heating experiments
show a radiogenic 40Ar end-member to air 40Ar end-member trend with increasing heating temperature, but they are too scatter to form well correlate linear arrays. The crushing
data points contributing to the weighted mean ages deﬁne the isochron lines with intercept ages of 469 and 463 Ma. Here WMA stands for weighted mean age and TGA is the total
gas age.
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Zhang et al., 2011c). In other words, ﬂuid ﬂow activities in UHP
metamorphism are generally considered to be episodic. As illus-
trated in Fig. 7, the P-T evolution of eclogites in the Yuka terrane can
be divided into ﬁve metamorphic stages: pre-eclogite-facies, later
pre-peak, peak pressure, peak temperature and post peak-T retro-
gression (Zhang et al., 2009a). Therefore, Yuka HP/UHP minerals
corresponding to the various metamorphic stages could have
encapsulated ﬂuid inclusions with a variety of ages and origins
during the mineral growth.
The purpose of the in vacuo crushing technique is to extract the
Ar-bearing gas that was trapped in ﬂuid inclusions and in inclusions
along sealed cracks and cavities in crystals. Previous studies have
shown that crushing has little effect on the gas trapped within the
crystal lattice (Dunlap and Kronenberg, 2001; Qiu et al., 2002; Qiu
and Wijbrans, 2006, 2008). An exception to this may be scapolite
(Kendrick and Phillips, 2009b), for which argon release by crushing
was described. This may be due to the relatively open crystalstructure of scapolite where volatiles may have been trapped in
cavities within the crystal lattice. In most cases, the results of the
40Ar/39Ar in vacuo crushing should be able to reﬂect the age infor-
mation of the ﬂuid ﬂow as recorded by ﬂuid inclusions in amphi-
boles and quartz that crystallized during amphibolite-facies to
greenschist-facies retrogression.
6.3. Implications of gas release patterns and spectra of crushing
experiments
6.3.1. Gas release pattern
The new results from amphibole and vein quartz 40Ar/39Ar in
vacuo crushing analysis all yield descending staircase-shaped age
spectra with anomalously high initial apparent ages in the ﬁrst few
steps and relative ﬂat age plateaus over the ﬁnal several steps.
Following the interpretation of Qiu and co-workers (2006, 2008),
we suggest that the extremely high initial apparent ages are
derived from the largest, most easily crushed secondary ﬂuid
Figure 5. Plot of the age spectrum (a) and inverse isochron (b) of quartz based on the
40Ar/39Ar results by crushing in vacuo. The distribution of the data points through
crushing experience shows the excess 40Ar end-member to air 40Ar end-member
trend, showing that ArE and ArA gradually contribute to different parts during the
gas extraction. Here WMA represents the weighted mean age.
Figure 6. Plots of the correlation between 40Ar*/39ArK vs. 38ArCl/39ArK for in vacuo
crushing of amphiboles (a, b) and quartz (c). 40Ar* shows strong correlation with 38ArCl
in the early crushing steps of all the samples.
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most likely incorporated in the amphibole and quartz after the
initial amphibolite-facies conditions. Meanwhile, in the diagrams of
Fig. 6, we discovered that the 40Ar* (representing 40ArRþ40ArE)
shows a good correlation with 38ArCl in the initial crushing steps,
implying the excess 40Ar in the SFIs and Cl came from the same
source. With continued crushing, the apparent ages decrease
gradually probably reﬂecting a mixture between SFIs with excess
40Ar and PFIs. Finally, once the high-excess 40Ar reservoir is
exhausted, subsequent gas components are mainly derived from
smaller PFIs. During this stage of the experiment a relative ﬂat age
plateau is formed over the ﬁnal several steps. The amphibole data
points constituting the age plateaus result in isochrons with rela-
tive younger intercept ages (469e463 Ma), corresponding to initial
40Ar/36Ar values from 334 to 520, implying excess 40Ar is also
present in the ﬁne PFIs of amphibole samples. In contrast, the
quartz data points constituting the age plateau deﬁne an isochron
with a concordant intercept age (405 Ma), corresponding to initial
40Ar/36Ar ratio of 295  4 indicative of the absence of excess
40Ar in PFIs.
In an alternative model to explain the results of Qiu and
Wijbrans (2006, 2008) on the release patterns of Bixiling by step-
wise crushing (Kendrick and Phillips, 2009a) postulated the pres-
ence of small sericite crystals dispersed throughout the host garnet
that contributed to the release of radiogenic argon after prolongedcrushing as the source of the observed age plateaus. Although this
is a plausible model, it critically hinges upon the presence of ﬁne
sericite evenly dispersed throughout the crystals used for crushing.
In the case of the Bixiling garnets, Qiu and Wijbrans (2006, 2008)
pointed out that in these garnets they have found no evidence for
such sericite inclusions whereas the presence of numerous small
primary ﬂuid inclusions was demonstrated. Moreover, for the case
of Bixiling garnet inclusions Qiu and Wijbrans pointed out that the
radiogenic component had a positive correlation with the 38ArCl
concentration, which would point to a chloride enriched reservoir
that was releasing the radiogenic argon signal. A chloride-enriched
radiogenic argon signal is considered to be more consistent with an
inclusion-hosted brine source than with a mica crystal source. For
the present study sericite inclusions in amphibole are considered
an unlikely source for the radiogenic signal is considered unlikely as
sericite is not normally part of maﬁc amphibolite mineral
assemblages.
Amphibole and syn-metamorphic vein quartz are mainly
formed during amphibolite facies and greenschist facies retro-
gression. During these stages, signiﬁcant amounts of ﬂuid could be
obtained frommolecular H2O in nominally anhydrous minerals like
garnet and omphacite, the breakdown of hydrous minerals like
zoisite, phengite and lawsonite, the exsolution of hydroxyl minerals
(Zheng et al., 2003; Zheng, 2004; Song et al., 2005a; Frezzotti et al.,
2007; Wu et al., 2009), and even from the host gneiss (Chen et al.,
Figure 7. P-T-t path for eclogite from the Yuka terrane, North Qaidam UHP metamorphic belt, western China (after Zhang et al., 2009a), amended with our new ages for ﬂuid ﬂow
events. A: an earlier pre-eclogite-facies stage; B: a later pre-peak stage; C: peak pressure stage; D: peak temperature stage; E: a later stage of retrogression.
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morphic ﬂuid probably was trapped by amphibole and vein quartz
crystals during crystallization or at a later stage by a crack-seal
mechanism. Such ﬂuid inclusions can therefore be considered as
primary. The ages of these PFIs therefore not only record aqueous
ﬂuid ﬂow during the exhumation stages of HP/UHP rocks, but can
also be taken as the best estimate for the ages of amphibolite facies
retrogression and quartz-vein formation.
6.3.2. Implications of crushing spectra
Crushing experiments of two amphibole samples yielded
40Ar/39Ar isochron ages of 469 2.1 and 462.6 3.6 Ma. These ages
are consistent with the 40Ar/39Ar stepwise heating isochron ages
(477e466 Ma) from eclogite phengite and amphibole that have
been interpreted as the timing of early cooling in the eclogite facies
after peak pressure metamorphism (Zhang et al., 2005). This sug-
gests that the 40Ar/39Ar ages of 469e458 Ma constrain the age of
ﬂuid ﬂow responsible for initial amphibolite-facies retrogression
during the exhumation of the UHP rocks (see Fig. 7). On the other
hand, the granite zircon UePb dating from the Da Qaidam region
performed by various analytical different techniques produced ages
from 397 Ma to as old as 490 Ma with a cluster in the range of
465e457 Ma, which have been interpreted to date intrusion of
regionally widespread Ordovician plutons (Gehrels et al., 2003; Wu
et al., 2007). Therefore, regional syn-exhumation arc-magmatismaccompanied by the release of aqueous ﬂuid may be an alternative
explanation for enhanced ﬂuid ﬂow at 469e457 Ma.
In contrast, crushing analysis of the quartz vein within a garnet
amphibolite lens yields a younger 40Ar/39Ar isochron age of ca.
405.4 Ma. Because the crushing experiment effectively extract the
ﬂuid inclusion gases, rather than argon from the crystal lattice or
solid mineral inclusions of the quartz sample, we interpret these
data as constraining the age of the ﬂuid inclusions locked in during
quartz mineralization. This age is very close to the youngest
exhumation ages obtained by muscovite 40Ar/39Ar dating (Xu et al.,
2006). Therefore, the 405 Ma age from quartz in vacuo crushing
may record aqueous ﬂuid ﬂow during the late exhumation of Yuka
UHP rocks (Fig. 7).
6.4. Implications of gas release patterns and spectra of stepped
heating
The two amphibole samples have similar complex age spectra,
which have commonly been attributed to the presence of excess
40Ar and partial resetting or contamination by other phases
(Harrison and McDougall, 1981; Harrison and Fitzgerald, 1986).
The relatively young apparent ages (418e249 Ma) and total gas
ages (333e305 Ma) obtained from two amphibole samples are
much younger than the published amphibole 40Ar/39Ar incre-
mental heating result of w477 Ma (Zhang et al., 2005). This
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variable incorporation of excess 40Ar. The obvious presence of
minute mineral inclusions such as biotite, feldspar, and quartz in
amphibole porphyroblasts, characterized by various shapes and
sizes from 0.01 mm to 0.1 mm, suggest that mineral inclusions
may have played a role in producing the complicated release
patterns during stepwise heating of the residual powder after
crushing. Furthermore, the effect of feldspar or/and biotite in-
clusions is also supported by their relatively higher K/Ca values
during the early steps (see Fig. 4a and c). The 319e249 Ma
apparent ages obtained at heating temperatures around 500 C,
probably represent the formation or resetting ages of late retro-
grade minerals, whereas the apparent ages of 418e413 Ma, ob-
tained at heating temperatures around 800 C, may represent
amphibolite cooling ages. It should be pointed out that the step-
wise heating experiment on amphibole residues achieves only a
maximum temperature of w900 C while amphiboles are prob-
ably not completely degassed at such temperature. Thus, it is
possible that after ﬁnishing step heating at temperatures higher
than 900 C, higher ages due to release from a phase that is more
resistant to 40Ar loss could be obtained (e.g., Siebel et al., 1998). If
so, the apparent ages of 418e413 Ma can only be interpreted as
representing cooling ages of the less 40Ar resistant amphibole
phase, which may be taken as the best estimate for the age of later
amphibole-facies metamorphism (see Fig. 7).
On balance, based upon the young apparent ages from the
stepwise heating experiments, we suggest that there is no excess
40Ar in the amphibole crystals or their inclusions and that almost
all excess 40Ar in amphibole powders resides in primary and
secondary ﬂuid inclusions. Considering all in vacuo crushing and
residual powders stepped heating results, we suggest that
amphibole in the Yuka amphibolites crystallized at ca. 469e463
Ma, and then cooled below the amphibole KeAr system closure
temperature of about 500  50 C (Harrison, 1982) at or before 418
Ma (09NQ13Amp) and 413 Ma (09NQ29Amp). Amphiboles were
partly reset by subsequent thermal overprinting and then
completely closed at 319 Ma (09NQ13Amp) and 249 Ma
(09NQ29Amp).7. Conclusions
An investigation of 40Ar/39Ar dating by in vacuo crushing and
stepwise heating of amphibole separates from amphibolite-facies
overprinted HP/UHP metamorphic rocks from the Yuka terrane
resulted in the following conclusions:
(1) The 40Ar/39Ar in vacuo crushing technique appears to an
effective and promising approach to directly date the mineral
formation ages in retrogressed HP/UHP rocks and to decipher
the occurrence of excess 40Ar. In addition, gas trapped in solid
inclusions in minerals could be liberated by subsequent step-
ped heating analysis of the crushed powder and provide useful
geological information about the retrograde metamorphic
overprinting of HP/UHP rocks.
(2) In vacuo crushing 40Ar/39Ar analysis was applied to amphibole
and quartz separates from amphibolite samples from the Yuka
HP/UHP terrane in western China. The results indicate that the
secondary ﬂuid inclusions were formed subsequent to UHP
metamorphism and that the amphibole and quartz incorpo-
rated signiﬁcant amounts of heterogeneous excess 40Ar in
ﬂuid inclusions. The excess 40Ar is generally released early in
the crushing experiments. Primary ﬂuid inclusions trapped
during amphibole growth and released during the later stages
of the crushing experiments contain relatively homogeneousexcess 40Ar. There is virtually no excess 40Ar in the PFIs in vein
quartz.
(3) In vacuo crushing of amphiboles provides a geochronological
record of episodes of ﬂuid ﬂow with ages ranging from 469 to
463 Ma, reﬂecting the timing of the Yuka eclogite initial
amphibolite-facies retrogression. In contrast, vein quartz
within garnet amphibolite gave an age of 405 Ma, which may
record aqueous ﬂuid ﬂow during the later stages of exhumation
of these UHP rocks.
(4) Based on the 40Ar/39Ar stepwise heating ages of amphibole
residual powders and their equilibration and closure temper-
atures, we deduce that the Yuka metamorphic complex and its
country rocks cooled from peak metamorphic temperature to
500  50 C and reached medium to upper crustal levels at or
before 418e413 Ma. The KeAr isotope system in amphibole
was partially reset by later tectonothermal events at ca. 319 to
249 Ma, indicating that the Yuka eclogites and the products of
their retrogression were overprinted by multiple later thermal
events in the Silurian and possibly as young as the Triassic.
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